Differentiation
of nerve cells and other elements in the developing central nervous system has been studied histologically in materials stained by various techniques especially by silver impregnation.
The time sequence of cellular transformation or cytodifferentiation have been deduced from the presence of transitional forms. However, the interpretation of the transitions in structure have always involved some difficulties in the identification of the same cells or the same cell groups in the specimens taken from the successive stages of development, since immature cells are not only lacking in morphologic characteristics but change their shape and localization continuously as they differentiate.
In order to reduce the difficulties of the cell identification, vital marking using H3-thymidine has been introduced (MIALE et al. 1961) . Tritiated thymidine as specific precursor for deoxyribonucleic acid (DNA) is incorporated rapidly into the cell nucleus which is performing DNA synthesis in preparation for mitosis (HUGHES et al. 1958) . Since the DNA is one of the most stable substance in the organism, the H3 thus introduced into the DNA remains as a permanent label unless it is diluted by subsequent mitoses and the label can be detected by autoradiographic procedure with satisfactory resolution so that the labeled nucleus can be distinguished from the unlabeled with certainty. Therefore, by introducing the label into the selected cell groups and tracing them, one can follow the fate of the cell. Histogentic analysis of the central nervous system using H3-thymidine autoradiography has been reported by previous investigators ( UZMAN 1960 , MIALE et al. 1961 , SIDMAN 1961 . They used mice and gave a single injection of the H3-thymidine into the pregnant animals, in which the label is decomposed quickly and remains in the available concentration only for a few hours. Therefore, even at the time of the maximal labeling, the majority of the cells in the neural tube of the fetal mice have not taken the label. And the radioactivity in the labeled matrix cells is not uniformly distributed but shows marked variety in intensity, since the cells that were synthesizing DNA all the time during which the H3-thymidine was available have taken the label fully and are labeled most intensely, while the cells that were going to finish DNA synthesis at the time of the injection, or the cells that had just entered the period of DNA synthesis at the time the H3-thymidine became no more available have 359 taken little or, if any, very weak labeling.
Thus the matrix cells, homogeneous im nature, become labeled with a varying density of radioactivity from zero to the maximal labeling. In the course of time, neuroblast which are differentiated from these matrix cells possess the radioactivity with all the possible variations in intensity; even in the group of the neuroblasts produced at the same generation of the matrix cells some are labeled and some are unlabeled. As the gnerations of the matrix cells proceed, the label shared in the neuroblasts from the labeled matrix cells is reduced and finally lost (FUJITA 1962 b) . Thus the presence of the radioactivity and its intensity in the nuclei of the neuroblasts depend upon several complicated factors. Therefore, the presence of neurons devoid of the label among the labeled ones, may be interpreted by the following alternatives. 1. The neurons may have been produced before the H3-thymidine is injected, 2. the neuroblasts may be produced far later than the injection of the label so that the radioactivity in the matrix cells has been diluted by their successive divisions and finally lost from them when they differentiate into the neuroblasts, or 3. the matrix cells from which the neurons are derived happened to be in the intersynthetic period when the H3-thymidine was available. Concerning the radioactive neurons, it may be right to conclude that they are produced later than the injection of the label and before the label finally disappears from the matrix cells. However, it is still impossible to determine the date of the beginning of the neuron producation by this method, because the injection of the H3-thymidine on any day before the neuroblast production results in an essentially similar pattern of neuroblast labeling; if a neural tube is flash-labeled on one day of the embryonic days before the production of those neuroblasts begins, a part of the matrix cells take the label at that time and produce some radioactive neurons continuously until the label is diluted and finally lost from their nuclei. Suppose we inject the label one day earlier and the label is incorporated by a part of the matrix cells heavily enough to be kept until the day on which those neuroblasts are produced from them, a part of the neuroblasts will be found radioactive.
Here the possible difference can only be present in the density of the label in those neuroblasts. However, as stated above, the density of the radioactivity in the flashlabeled autoradiographs shows all the possible variation even in a single neuroblast group produced at the same generation. The correct interpretation of the results is, therefore, very difficult and virtually impossible. On the other hand, by the cumulative labeling method (FUJITA 1963a (FUJITA , 1963b , the initial labeling of the matrix cells is uniform. Therefore, the group of neuroblasts produced at the same generation of the matrix cells is uniformly labeled as their direct predecessor matrix cells. Thus, tracing the migration and metamorphosis of the labeled and the unlabeled neuroblasts we can study the mode of cytodifferentiation in finer detail. By the cumulative labeling technique, the presence of even a single unlabeled neuroblast of the group can be interpreted correctly.
Nine groups, of which each is consisting of 12 white leghorn chick embryos, were 7, 8, 9 or 10 days of incubation respectively. In common with the other portions of the neural tube, the optic part of the retinal anlage of early embryonic days is solely composed of the matrix cells (FUJITA 1962a) . The autoradiographs taken shortly after the H3-thymidine injection (flash labeling autoradiograph)
showed radioactive nuclei virtually restricted to the S-zone of the matrix layer (Fig. 1) . This is completely the same as has been observed throughout the neural tube. The labeled cells in the matrix layer increased in number with time and got to 100% after 10 hours. The mode of the increase of the labeled cells, is the same as described with the mesencephalon, spinal cord and cerebellum (FUJITA 1963a) . Concerning the description 'external' or 'internal' about the retina a comment may be necessary since the internal limiting membrane beneath which the matrix cells perform their mitoses turns to the outside in the retina vis a-vis with the choroid epithelium. In the usual terminology of the eye, this membrane has been called external limiting membrane, in contrast with the designation in the neural tube. But the authors call it in this paper 'internal' limiting membrane since it is a continuous structure with the internal limiting membrane of the neural tube. This designation adopted here is more natural when the retina is considered as a part of the neural tube.
In the most external zone of the retina, a layer of unlabeled cells with rounded larger nuclei appeared during the 5th day of incubation, in the flash labeling autoradiograph (Fig. 1) . It is the mantle layer consisting of the neuroblasts. It appeared at the most medial pole (cf. Fig. 5 ) at the time. In the portion of the equator of the eye ball, the matrix layer of the retina stretched from the internal to the external limiting membrane and the mantle layer did not appear yet. In the chick embryo which had received the injection of H3-thymidine at the beginning of the 5th day and was killed 24 hours later, all the matrix cells and the neuroblasts showed dense and uniform labeling (Fig. 2) . This finding indicates that the neuroblast accumulating in the mantle layer of the medial pole have been produced during the 5th day of incubation. They develop to the neurons in the ganglionic layer in the fully developed retina as discussed in the next section.
The distribution of the labeled cells in more advanced stages of development.
In the newly hatched chick which had received the injection of the label at the beginning of the 4th day of incubaaion, all the neurons in the ganglionic layers were radioactive, though weakly, while the H3-thymidine given on the 5th day or the 6th day of incubation could not label some neurons in the ganglionic layer in the medial pole. These findings are interpreted as follows. The matrix cells destined for the ganglionic cells partially finish their final DNA synthesis earliest at the medial pole of the retina already on the 5th day of incubation. In the retina of the hatched chick which had been injected with the label at the beginning of 7th day of incubation, many neurons in the ganglionic layer in the medial zone and medial pole were found to be free from the radioactivity while most of them in the lateral zone have taken the label. The photoreceptor cells in the visual cell layer as well as cells in the bipolar cell layer were labeled weakly but uniformly throughout the retina. In the chick embryo which had been injected with the H3-thymidine at the beginning of the 7.5th day of incubation and sacrificed 6 days later, most neurons were found unlabeled in the medial pole of the retina except a few weakly labeled ones but here the visual cells were labeled fairly densely (Fig. 3) . The labeled neurons in the ganglionic layer gradually increased in numbe and in density of the labeling, as we scanned the retina toward the equator (Fig. 4) . These findings indicate that the tide of the neuron differentiation spreads from the medial pole over the equator toward the ora serrata, so that the neurons located more laterally are produced later than those in the medial portion. The labeling of the visual cell layer also showed the same tendency for variation owing to the localization but the site of the weakest labeling was situated just rostro-cranial to the pecten of the eye (the dotted area in Fig. 5 ). In the portion around the equator and in the lateral zone, the 3 layers became commonly labeled fairly densely. The distribution of the silver grains was quite uniform both in the bipolar and visual cell layers but some neurons in the ganglionic layer were still unlabeled (Fig. 4) . And the density of the label was highest in the cells of the visual cell layer in the lateral zone of the eye. In the retina of newly hatched chick which received the injection of the label on the 8th day of incubation, a small portion of the neurons in the ganglionic layer were found to be radioactive in the lateral and medial zones but none in the medial pole. And finally no neurons bec me labeled in the newly hatched chick which had received the H3-thymidine injection at the beginnig of the 9th day of incubation. In this retina weak labeling was detected in the visual cell layer of the lateral zone of the eye especially near to the ora serrata and in the bipolar cell layer throughout the retina. Fig. 1-2 . Autoradiographs of the retina from the chick embryo of 5 days of incubation. Fig. 1 Thirty minutes after the injection of H3-thymidine.
The label is restricted to the Szone of the matrix layer. No cells in the M-and I-zones have taken the label. Note that the Fig. 2 . The corresponding portion of the retina of a chick embryo of the same age as in Fig. 1 which received the injection of H3-thymidine 24 hours prior to sacrifice.
All the matrix cells as Fig. 3-4 . Autoradiographs of the retina from the 13 day-old chick embryo which received the injection of H3-thymidine at the beginning of the 7.5th day of incubation. Fig. 3 . The retina from the medial pole of the eye. A few neurons in the ganglionic layer is found weakly radioactive but most of them are free from the radioactivity.
Many cells in the visual cell layer show moderate labeling. Bipolar cell layer is also found uniformly radioactive. Concerning the patterns of the labeling in the visual cells, the following two alternative interpretations seem to be possible: 1. similar to the neurons in the ganglionic layer, the visual cells perform their final DNA synthesis a little later to that of the ganglionic cells, so that the distribution of the radioactivity was qualitatively similar to that in the ganglionic layer, or 2. on the contrary. the visual cells remain mitotically active beyond the time at which all the ganglionic cells have differentiated, so that the label once incorporated in the visual cell nuclei is subjected to the dilution by their successive divisions and finally lost from the nuclei. The fact that the mitotic figures are found in the visual cell layer until the 15th day of incubation (MOOG 1958) seems to favor the second interpretation. However, this view is unlikely since the label injected on the 5th day of incubation is found in the visual layer of the medial pole even on the day of hatching while that injected on the 8th day of incubation fails to label the visual cells of the same region in the newly hatched chick. This observation is hardly compatible with the second interpretation. Therefore, it is concluded that the visual cells in the medial pole perform their final DNA synthesis later than the 5th day but finish it before the 8th day of incubation. The mitotic figures found in this portion of the visual cell layer during the second week of incubation, therefore, must be explained by the 'elevator movement' (FUJITA 1963a) of the cells in the bipolar cell layer, though it begins to be separated from the visual cell layer by the outer plexiform layer; the cell in the bipolar cell layer ascends toward the internal limiting membrane passing through the plexiform layer as it has finished DNA synthesis, divides directly beneath the internal limiting membrane (among the visual cells) and descends again toward the bipolar cell layer when it goes through the mitosis. This up and down movement of the cells in the bipolar cell layer, similar to that of the matrix cells has been pointed out by SIDMAN (1961) on the embryonic retina of the mouse. Thus it is concluded that, in the retina, the matrix cells first differentiate ganglionic cells which accumulate externally, and secondly produce the visual cells which are shifted toward the internal limiting membrane, while the matrix cells still proliferate performing the elevator movement between the bipolar cell layer and internal limiting membrane. The dates of neuron differentiation in the ganglionic layers is shown in Fig. 5 . The visual cells seem to differentiate first at the region near the pecten (Fig. 5 , the dotted area) a little later to the ganglionic cells, presumably one day later. The cells in the bipolar cell layer develop lastly, in which some remain capable of DNA synthesis yet on the day of hatching.
Since, however, there are various types of cells in the bipolar cell layer (such as bipolar cells, amacrine cells, horizontal cells, MULLER's cells and so on), one should count the labeling of the types of cell separately in order to interpret the findings correctly.
In the present study, therefore, it is impossible to draw any definite conclusion for the cells in this layer since the data are obtained from the mixed cell population.
To eliminate the obscurity, one should have applied specific staining to differentiate cell types in the autoradiography and counted the labeled cells separately for every type of cell.
Using cumulative labeling method, cytogenesis of chick retina was studied by H3-thymidine autoradiography and the followings were concluded.
The first to differentiate in the optic retina are the neurons in the ganglionic layer. The process of differentiation begins at the medial pole on the 5th day of incubation and spreads toward the ora serrata, taking 2 days. The cells in the visual cell layer are differentiated a little later, probably by one day, than the ganglionic cells.
This process first takes place in the region near the pecten of the eye and gradually spreads toward the medial pole and then to the periphery. Most mitotic figures found during the second week of incubation in the visual cell layer seem to belong to the matrix cells in the bipolar cell layer.
